Although nuclear type 2C protein phosphatase (PP2C) has been demonstrated to be pro-oncogenic with an important role in tumorigenesis, the underlying mechanisms that link aberrant PP2C levels with cancer development remain elusive. Here, we found that aberrant PP2C activity decreases p53 acetylation and its transcriptional activity and suppresses doxorubicin-induced cell apoptosis. Mechanistically, we show that BRCA1 facilitates p300-mediated p53 acetylation by complexing with these two proteins and that S1423/1524 phosphorylation is indispensable for this regulatory process. PP2C, via dephosphorylation of ATM, suppresses DNA damage-induced BRCA1 phosphorylation, leading to inhibition of p300-mediated p53 acetylation. Furthermore, PP2C levels correlate with histological grade and are inversely associated with BRCA1 phosphorylation and p53 acetylation in breast cancer specimens. C23, our newly developed PP2C inhibitor, promotes the anticancer effect of doxorubicin in MCF-7 xenograft-bearing nude mice. Together, our data indicate that PP2C impairs p53 acetylation and DNA damage response by compromising BRCA1 function.
INTRODUCTION
The serine-threonine protein phosphatase PP2C (also known as WIP1 or PPM1D) is a nuclear type 2C protein phosphatase (PP2C) that is overexpressed and amplified in many types of cancers such as breast cancer, ovarian clear cell adenocarcinoma, gastric carcinoma, and pancreatic adenocarcinoma (1) . PP2C is unique in that its transcription is induced in response to DNA damaging agents in a p53-dependent manner. It dephosphorylates and inactivates several proteins critical for cellular stress responses, including p38 mitogenactivated protein kinase (MAPK) (2), Chk1 (3), Chk2 (4), ataxia telangiectasia mutated (ATM) (5) , and p53 (3) . As a negative regulator of these signaling proteins, PP2C acts, together with the corresponding upstream kinases, to accurately control the magnitude and duration of their phosphorylation and activity.
PP2C has been demonstrated to have clear oncogenic properties and to play an important role in tumorigenesis (6) . It is involved in the regulation of several key cellular processes, such as cell cycle and apoptosis, which are vital for tumor development and progression. Inappropriate activation of PP2C can inactivate p53 and RB pathways and therefore results in the stimulation of cell cycle and tumorigenesis (3) . The overexpression of PP2C increases mammary cell transformation in a breast tumor-susceptible animal model (7) .
Conversely, PP2C
−/− mice show a lower incidence of spontaneously occurring cancers (8) and resistance to oncogene-induced transformation (7, 9) . For example, PP2C deficiency notably postpones the onset of Myc-induced lymphomas in an ATM-and p53-dependent manner (9) . Therefore, PP2C is an attractive drug target for the treatment of cancers, and inhibition of its expression or activity could be a new vital strategy for therapeutic intervention to halt the progression of several different cancers.
The tumor suppressor p53 is a crucial transcription factor in cellular stress response pathways (10) . In response to genotoxic agents, such as ultraviolet (UV) light, -irradiation, chemical carcinogens, and chemotherapeutic agents, p53 is stabilized and activated as a transcriptional regulator. The activated p53 primarily induces expression of genes crucial for cell growth arrest and apoptosis (11) , thus preventing tumor initiation and/or progression (12) . Although the exact mechanisms of p53 activation are not completely understood, it is generally believed that they need posttranslational modifications such as phosphorylation, acetylation, and methylation of the p53 polypeptide (13, 14) . Among these, acetylation of p53 is the most important reversible enzymatic process that occurs upon genotoxic stress and is critical for p53 stability, sequence-specific DNA binding, and transcriptional activity (15) . p53 acetylation at several C-terminal Lys residues is mainly mediated by the p300 and CBP acetyltransferases in vivo (16) . Without a functional p53 pathway, the cell could potentially progress through DNA replication but could not stop the cell cycle in the event of DNA damage, thereby leading to potentially favorable mutations for the cancer cell to survive as well as tissue malignancies. Thus, loss or weakening of p53 function (even in a twofold modest alteration) increases cancer risk and progression. For instance, loss of one p53 allele in mice (p53 +/− ) leads to early development of tumors (17) . In view of the close relationship between p53 and PP2C, two important tumor-associated proteins, more in-depth investigation is needed to further elucidate the signaling regulatory mechanism between p53 function and aberrant expression of PP2C. Further research on the regulatory effect of PP2C on p53 acetylation in response to DNA damage stress will contribute to a greater understanding of mechanisms that regulate cell fate in addition to developing therapies for refractory or chemoresistant tumors.
Here, we demonstrate a novel mechanism of p53 inactivation by PP2C. We present evidence to support the notion that BRCA1 facilitates p300-mediated p53 acetylation and activation by complexing with these two proteins and that S1423/1524 phosphorylation is indispensable for this regulatory process. Aberrant PP2C activity, by directly dephosphorylating ATM, suppresses DNA damageinduced BRCA1 phosphorylation, leading to inhibition of p300-mediated p53 acetylation and activation. We also observed that high PP2C expression in human breast cancer tissues correlates with more advanced histological grade and is inversely associated with BRCA1 phosphorylation and p53 acetylation. Knockdown or inhibition of PP2C potentiates the antineoplastic effects of DNA damage-based treatment in vitro and in vivo, proposing exciting opportunities for combinatorial therapy.
RESULTS
Overexpression of PP2C attenuates ATM and BRCA1 phosphorylation, p53 acetylation, and DNA damage-induced apoptosis in MCF-7 cells PP2C has been demonstrated to have clear oncogenic properties and to play an important role in tumorigenesis (6) . We first examined the potential effect of PP2C overexpression on BRCA1 phosphorylation and p53 acetylation, which are important in apoptosis, cell cycle, and tumorigenesis. As shown in the immunoblot depicted in Fig. 1A , the levels of PP2C protein are substantially higher in MCF-7 breast cancer cells than those of human normal mammary epithelial cell line (MCF-10A), which is accompanied by decreased phosphorylation of BRCA1 and its upstream kinase ATM, as well as by p53 acetylation. These results imply that overexpression of PP2C in cancer cells may compromise BRCA1 and p53 function, thereby resulting in inhibition of apoptosis. To characterize the PP2C-mediated protective effect on DNA damage/p53-induced apoptosis, we overexpressed PP2C in MCF-10A cells and assessed the effects of PP2C overexpression on DNA damage-induced apoptosis. Cells were exposed to a genotoxic drug, doxorubicin (Dox) (0.1 M), after the transfection. Twenty-four hours after drug treatment, cells were then collected for apoptotic cell analysis. As shown in Fig. 1B , PP2C overexpression considerably reduces the percentage of dead cells under the treatment of Dox. The transfection of human wildtype (WT) PP2C expression plasmid (hWIP1 FLAG) was effective to overexpress PP2C in MCF-10A cells, as confirmed by Western blot analysis (Fig. 1C) . Intriguingly, PP2C overexpression markedly suppresses phosphorylation of BRCA1 and ATM, as well as p53 acetylation. Furthermore, the death-reducing effect of PP2C is accompanied by a significant reduction in cleavage of procaspase-3 to the active caspase-3 (Fig. 1D) .
To further substantiate the protective role of PP2C against DNA damage-induced apoptosis, we used PP2C small interfering RNAs (siRNAs) to knock down PP2C expression and our newly developed PP2C inhibitor C23 (18) in MCF-7 cells. As indicated in Fig. 1E and  fig. S1A , PP2C knockdown or C23 significantly promotes the basal and Dox-induced cancer cell apoptosis. In addition to apoptosis, PP2C knockdown with siRNA potently stimulates other p53 pathways such as cell cycle arrest and senescence ( fig. S1 , B and C). To address the potential mechanisms of the augmented apoptosis in PP2C knockdown, we examined the function of apoptosis-related gene p53. PP2C knockdown markedly increases p53 acetylation and its transcriptional regulation activity, as indicated by PG13-luc p53 reporter gene assays and transcription of its target genes p21 and Noxa, compared with levels in controls. This increase in p53 activity is coincident with an increase in BRCA1 and ATM phosphorylation (Fig. 1, F 
to H).
Together, these results demonstrate that PP2C suppresses p53 transcriptional activity and basal and DNA damage-induced apoptosis, which may have a causal relationship with ATM/BRCA1.
BRCA1 facilitates p53 acetylation by p300 in vivo
Our studies suggested that the decreased BRCA1 phosphorylation coincided with reduced p53 acetylation levels (Fig. 1) . To delineate the role of BRCA1 in the regulation of p53 acetylation, MCF-7 breast cancer cells were transfected with BRCA1 siRNA, followed by UV treatment. We use UV irradiation to induce DNA damage because it has been shown to elicit robust p53 acetylation in MCF-7 cells (Fig. 2A) . BRCA1 knockdown markedly reduced both basal and UV-induced p53 acetylation, indicating a critical role of BRCA1 in the regulation of p53 acetylation. In addition to UV, BRCA1 is required for acetylation of p53 induced by other major genotoxin stress such as DNA cross-linker cisplatin and topoisomerase I inhibitor topotecan ( fig. S2, A and B) . Prime candidates for the p53 acetylases are p300 and its family member CBP (19) . However, how BRCA1 enhances p53 acetylation by p300 is still unknown. To address this, we first define the protein interaction between BRCA1, p300, and p53 by undertaking immunoprecipitation-immunoblotting studies. Both p53 and p300 were coprecipitated with BRCA1 (Fig. 2B, lane 2) . Reciprocally, both BRCA1 and p300 were found in p53 immunoprecipitates (Fig. 2B, lane 3) . Together, these observations suggest that BRCA1 interacts with both p300 and p53. These data are also supported by results reported by Pao et al. (20) and Zhang et al. (21) .
To further substantiate the role of BRCA1 in facilitating p300-mediated p53 acetylation, we generated a homozygous BRCA1 deletion hTERT-HME1 line by targeting exon 5 of the BRCA1 gene using the CRISPR-Cas9 gene editing system. Deletion of exon 5 results in frameshift and early translational termination, simulating a known BRCA1 pathogenic mutation (Fig. 2C) . hTERT-HME1 cells were transfected with double Cas9/green fluorescent protein (GFP)-guide RNA (gRNA) plasmids carrying single-guide RNAs (sgRNAs) targeting exon 5 of the BRCA1 gene. GFP-positive cells were FACS (fluorescence-activated cell sorting)-sorted (Fig. 2D) , and individual cell clones were expanded and characterized. The BRCA1-targeted regions were analyzed by polymerase chain reaction (PCR) to show that two alleles were deleted (Fig. 2E) . Primers surrounding exon 5 were designed, and the genetic region amplified by PCR was analyzed by Sanger sequencing. The dual allelic BRCA1 exon 5 deletion was confirmed ( fig. S2, C and D) . Immunoblotting results also validated the BRCA1 knockout (KO) in the hTERT-HME1-BRCA1 −/− line (Fig. 2F ). As shown in Fig. 2F , BRCA1 KO notably decreases basal and UV-induced p53-p300 association and p53 acetylation compared to the levels in parental hTERT-HME1-BRCA1 +/+ cells. Thus, the presence of BRCA1 is important to stimulate p53 interaction with p300 and its subsequent acetylation. Reintroducing WT BRCA1, but not a S1423A mutant (SA), ∆224-500, and ∆1560-1863 mutant in HME1-BRCA1 −/− cells, restores the basal and UV-induced p53-p300 association and p53 acetylation (Fig. 2G) . Together, these results suggest that BRCA1 plays a critical role in facilitating p300-mediated p53 acetylation.
To further study how BRCA1 promotes p53 acetylation, we analyzed different BRCA1 mutants with specific functional domains deleted (Fig. 2H ). Explicitly, we tested BRCA1 mutants that are deficient in p53 binding (∆224-500) or p300 binding (∆1560-1863). As illustrated in Fig. 2I , after transfection into H1299 cells, all these BRCA1 variants were expressed (second panel). Nevertheless, when compared to WT BRCA1, both the p53-binding mutant (∆224-500) and the p300-binding mutant (∆1560-1863) were defective as they fail to promote p53 acetylation even when expressed at a higher level. These results demonstrate that physical combination with both p53 and p300 is essential for full activity of BRCA1 to promote p53 acetylation. Together, we conclude that BRCA1 can actively facilitate p300-induced p53 acetylation and that this activity needs physical binding to both p300 and p53 in vivo.
Phosphorylation of BRCA1 at Ser
1423/1524 positively regulates p300-mediated p53 acetylation and activation To address whether BRCA1 phosphorylation enhances p53 acetylation, we determined that BRCA1 proteins with different phosphorylation statuses could directly affect p300/CBP-mediated p53 acetylation in vitro. As shown in Fig. 3A , although recombinant WT BRCA1 had no effect on p300 autoacetylation, it efficiently increased p53 acetylation in a dose-dependent manner. The phosphomimicking mutant BRCA1 (S1423/1524D) had a stronger stimulating effect on p53 acetylation than WT BRCA1. In contrast, phosphorylationdeficient mutants (S1423/1524A) had no effect on p300-induced p53 acetylation. These observations suggest that the ability of BRCA1 to facilitate p53 acetylation is attributed to its phosphorylation levels. We hypothesize that phosphorylation induces a conformational change in BRCA1, facilitating interactions of p300 with p53. To further confirm that S1423/1524 phosphorylation directly affects the influence of BRCA1 on p300-mediated p53 acetylation and activation, we cotransfected H1299 cells with p53, p300, and various BRCA1 expression plasmids, including WT BRCA1 and S1423/1524 phosphorylation mutants (S1423/1524A or S1423/1524D). WT BRCA1 and S1423/1524D promote p53 acetylation ( Fig. 3B ) and its transcriptional regulation activity, according to our PG13-luc p53 reporter gene assays ( Fig. 3C ) and transcription of its target genes p21 and Noxa ( Fig. 3D ), more effectively than S1423/1524A. These results suggest that S1423/1524 phosphorylation is indispensable for the regulatory effect of BRCA1 on p300-mediated p53 acetylation and activation. To further confirm this point, we next manipulated the expression and function of BRCA1 and p300 and assayed for effects on apoptosis in culture. Knockdown of BRCA1 and p300 partially block the induction of apoptosis seen with PP2C inhibition in MCF-7 cells ( fig. S3A ). Overexpression of a BRCA1 phosphomimetic allele (S1423D/1524D) that does not rely on ATM overcomes the suppression of apoptosis by PP2C overexpression in MCF-10A cells ( fig. S3B ). These results further substantiate the role of BRCA1 phosphorylation and p300 in p53 activation and apoptosis induced by PP2C inhibition.
ATM partially mediates DNA damage-induced BRCA1 phosphorylation in human mammary epithelial cells
To explore the potential role of ATM in DNA damage-induced BRCA1 phosphorylation, we examined whether ATM inhibition affects BRCA1 phosphorylation in response to exposure of human line. bp, base pairs. (F) BRCA1 KO decreases basal and UV-induced p300's binding to total p53 and p53 acetylation. Twenty-four hours after cotransfection of the indicated plasmids, cells were treated with or without UV. Aliquots of cellular lysate were subjected to immunoprecipitations (IP) using anti-p300 antibody or control IgG, followed by immunoblotting with antibodies against p53 or p300. BRCA1, p53, and Ac-p53 were measured by immunoblotting. (G) HME1-BRCA1 −/− cells were transfected with 2 g of hemagglutinin (HA)-tagged WT, S1423A (SA), ∆224-500, and ∆1560-1863 mutant. Twenty-four hours after transfection of the indicated plasmids, cells were treated with or without UV. Cell extracts were prepared and underwent immunoblotting for the proteins as indicated, and signal intensity was quantified. Steady-state levels of transfected protein were determined by Western blot analysis using antibody against the HA epitope tag (-HA). The data represent mean ± SD from three separate experiments. *P < 0.05 versus UV/EV. (H) Schematic diagram of BRCA1 deletion mutants used in (D). (I) H1299 cells were transfected with p53 WT and internal control GFP (lane 1) or cotransfected with c-myc-tagged p300 (lane 2) or c-myc-tagged p300 and the indicated amounts of BRCA1 WT (lanes 3 and 4), ∆224-500 mutant (lanes 5 and 6), and ∆1560-1863 mutant (lanes 7 and 8). Cell extracts were prepared (36 hours after transfection), and the levels of acetylation and total p53 protein were determined by Western blotting as described in Materials and Methods. p300 levels were determined by anti-p300 (RW128). The data represent mean ± SD from three separate experiments. *P < 0.05 versus control; # P < 0.05 versus corresponding controls in WT.
mammary epithelial cells to UV. We used siRNA-mediated ATM depletion and the pharmaceutical inhibitor KU-55933, which specifically suppresses the ATM kinase activity at a very low micromolar concentration (22) . As expected, ATM inhibition significantly reduced UV-triggered phosphorylation of BRCA1 and p53 acetylation in MCF-10A cells (Fig. 4, A and B ). This result is also supported by previous studies showing that ATM is required for DNA damageinduced BRCA1 phosphorylation (23, 24) . In addition, cellular inhibition of ATM by KU-55933 prevents efficient UV-induced phosphorylation of BRCA1 and acetylation of p53 (Fig. 4C) (Fig. 5A) . We next performed a second set of in vitro phosphatase assay to substantiate/ determine whether PP2C dephosphorylates ATM or BRCA1. Purified PP2C was incubated with BRCA1-derived phosphopeptide containing Ser 1423 or ATM-derived phosphopeptide (Ser 1981 ). PP2C shows high levels of dephosphorylation of p-ATM and a positive control peptide containing phospho-Thr 180 from p38 MAPK, which is a putative PP2C target (2, 3) . In contrast, PP2C has minimal effects on p-BRCA1, excluding the direct dephosphorylation of BRCA1 by PP2C. The negative control, a phosphopeptide derived from the repair protein UNG2(pT31) (25) , fails to show PP2C dephosphorylation (Fig. 5B) . Magnesium-free phosphatase reactions also result in almost no phosphatase activity, as expected for the Mg 2+ -dependent PP2C. Hence, we demonstrate that PP2C can directly dephosphorylate ATM instead of BRCA1.
To further substantiate this notion, we overexpressed PP2C in MCF-10A cells and assessed the effects of PP2C overexpression on DNA damage-induced ATM phosphorylation. As shown in Fig. 5C , PP2C overexpression significantly represses basal and UV-induced ATM phosphorylation. On the contrary, inhibition of PP2C with C23 markedly increases basal and UV-induced ATM phosphorylation in MCF-7 cells (fig. S4) . Furthermore, knockdown of PP2C expression in MCF-7 cells by using PP2C siRNAs markedly promotes the basal and UV-induced ATM phosphorylation (Fig. 1F) . These results further argue in favor of the dephosphorylation of ATM by PP2C in breast cancer cells, consistent with previous reports that inhibition of PP2C up-regulates ATM in B cells and, in turn, overexpression of PP2C decreases activation of ATM-dependent signaling cascades in response to DNA damage (5, 9) . In summary, PP2C dephosphorylates ATM at critical sites and is thus implicated as an important regulator in the ATM-dependent signaling pathways and cancer surveillance networks.
Inhibition of PP2C enhances Dox-induced chemotherapy effects in breast cancer xenografts
As demonstrated by previous studies, PP2C regulates BRCA1 phosphorylation and the activity of p53. To further substantiate the association of PP2C and BRCA1 or p53, we examined the PP2C protein expression, BRCA1 phosphorylation, and p53 acetylation in breast cancer tissues from immunocompromised mice bearing human MCF-7 xenografts by immunohistochemistry (IHC) staining. acetylated by recombinant p300 in the presence of the indicated amounts of purified BRCA1 or bovine serum albumin (BSA) and analyzed by SDS ± PAGE followed by autoradiography. The intensity of the acetylated GST-p53 was quantified by phosphoimager analysis and plotted. The intensity of acetylated GST-p53 in the absence of BRCA1 or BSA was set to 1. The data represent mean ± SD from three separate experiments. *P < 0.05 versus control; # P < 0.05 versus WT BRCA1. (B) H1299 cells were transfected with plasmids encoding p53 (0.3 g), p300 (0.5 g), and/or WT BRCA1, BRCA1 S1423A, and BRCA1 S1423D (1 g) as indicated at the bottom. Cell lysates were prepared 36 hours after transfection for Western blot analysis; 200 g of proteins was loaded onto a 10% SDS gel. (C) As indicated, plasmids encoding no protein as a control (1 g; control), p53 (50 ng) alone, or with p300 (0.15 g) or with BRCA1 (WT, S1423A, or S1423D), and with a pG13-LUC plasmid (0.2 g) were introduced into H1299 cells by using Lipofectamine. Forty-eight hours after transfection, cells were harvested for luciferase assays. Each column represents the mean data of three experiments. (D) The p21 and Noxa mRNAs for each treatment were analyzed by RT-qPCR. All mRNAs are normalized to PUM1 and presented as fold (mean ± SD) over untreated cells based on three experiments. *P < 0.05 versus p53(+); # P < 0.05 versus p53(+)/p300(+)/WT BRCA1(+).
Breast cancer and paired surrounding breast adipose tissues from 12 mice were stained. Representative photomicrographs of PP2C staining are shown in Fig. 6A . PP2C expression is significantly higher in breast cancer than in peritumoral breast tissues. As expected, we observed a negative correlation between the expression levels of PP2C and BRCA1 phosphorylation or p53 acetylation levels in the breast cancer specimens (Pearson's R = −0.7114, P = 0.0095; R = −0.723, P = 0.0079; Fig. 6, B and C) .
To evaluate the clinical relevance of PP2C in breast cancer progression, we detected PP2C expression by IHC staining of PP2C in paraffin sections from 103 breast cancer cases (Fig. 6D) . Compared with the paired normal tissues, 58 breast cancer specimens (78.6%) have substantially increased PP2C expression. High PP2C expression correlates significantly with more advanced histological grade (Fig. 6E) . Consistent with previous studies, our IHC analysis demonstrates that PP2C expression is negatively associated with BRCA1 phosphorylation and p53 acetylation in breast cancer tissues (Pearson's R = −0.6102, P < 0.0001; R = −0.5735, P < 0.0001; Fig. 6 , F and G). This significantly negative correlation was also observed in each grade subgroups. Previous studies (26) have shown that a decreased level of functional p53 would prevent cell death induced by chemotherapy or radiotherapy. In light of the inhibitory effects of PP2C on BRCA1 and p53, we would like to evaluate whether inhibition of PP2C would potentiate the antineoplastic effects of Dox. Specifically, MCF-7 breast cancer cells (with a high level of PP2C expression) were implanted in fat pads of female athymic nude mice. When the xenograft tumors became palpable, the mice were arbitrarily assigned into four groups, which received either vehicle alone (the control group), C23, a small-molecule inhibitor of PP2C (18), Dox, or C23 + Dox. After treatment, compared with controls, either C23 or Dox alone can suppress tumor growth, as assessed by tumor volume and weight. C23, in combination with Dox, exhibits more potent anticancer efficacy versus Dox treatment alone (Fig. 6, H and I) . Next, to substantiate the proposed mechanism of action for C23 against breast cancer in vivo, we analyzed phosphorylation of ATM and BRCA1, p53 acetylation, and the apoptotic marker cleaved caspase-3 in xenograft tumor tissues. As shown in Fig. 6J , C23 alone or in combination with Dox significantly increased the levels of ATM and BRCA1 phosphorylation, p53 acetylation, and tumor cell apoptosis compared to untreated controls or Dox treatment alone. Together, these results support the inhibition of PP2C as a promising strategy for breast cancer and a suitable approach to enhance effects of DNA damagebased chemotherapy. Values represent mean ± SD; *P < 0.05 versus control; #P < 0.05 versus Dox. (J) Xenograft tumor tissues were excised from each animal and prepared for Western blot analysis. The protein expressions of PP2C, p-ATM, p-BRCA1, Ac-p53, and cleaved caspase-3 were identified, and relative intensities were measured. -Actin was used as a loading control. Data presented are mean ± SD from four independent experiments, with nontreated controls set to 1. *P < 0.05 versus control; # P < 0.05 versus Dox. (K) The identified signaling pathway in this study indicated that BRCA1 facilitates p300-mediated p53 acetylation and activation by complexing with these two proteins and that S1423/1524 phosphorylation is indispensable for this regulatory process. Aberrant PP2C activity, via directly dephosphorylating ATM, suppresses DNA damage-induced BRCA1 phosphorylation and subsequently inhibits p300-mediated p53 acetylation and activation, leading to cancer development or resistance to chemotherapy. C23 represses this process by inhibiting PP2C activity.
DISCUSSION
The DNA damage response (DDR) is a crucial network of cellular pathways that coordinate a series of essential biochemical and cellular events upon DNA damage. Activation of these different pathways has similar consequences, including DNA repair, inhibition of overall translation, cell cycle arrest, and eventually cell survival or death. Thus, DDR forms a barrier to cancer progression. Chemotherapeutic drugs target cancer cells by triggering DNA damage directly or indirectly, thus inducing p53-mediated DDR pathways and activation of cell cycle arrest and apoptotic machinery (27) . Specifically, cells containing WT p53 protein with normal function can recognize DNA damage, arrest the cell cycle, and activate the appropriate cellular machinery needed to repair the damage before the cell undergoes replication (28) . On the other hand, if the DNA damage cannot be repaired, p53 is capable of initiating the apoptotic pathway, which averts the unrestrained proliferation of transformed cells. Recent studies demonstrate that apart from antagonizing oncogenic transformation, p53 can also coordinate non-cell-autonomous responses to DNA damage to clear damaged cells via the innate immune system (29, 30) . Future delineation of the precise causal link between tumorigenic factors and the inhibition of the p53 function and DDR that promote tumor progression holds a key to better understand chemoresistance and develop more effective cancer therapies.
In this study, we have presented evidence that inappropriate activity of PP2C attenuates p53 acetylation and DNA damageinduced apoptosis in human breast cancer cells. Clinical IHC data also show that breast cancer specimens have substantially increased PP2C expression compared with the paired normal tissues, and high PP2C expression correlates significantly with more advanced histological grade. PP2C expression is inversely associated with BRCA1 phosphorylation and p53 acetylation in breast cancer tissues. We have also demonstrated that PP2C, through direct dephosphorylation of ATM, suppresses DNA damage-induced BRCA1 phosphorylation, leading to inhibition of p300-mediated p53 acetylation and activation (Fig. 6E) . Last, knockdown or inhibition of PP2C markedly increases p53 acetylation and its transcriptional regulation activity and potentiates the antineoplastic effects of DNA damage-based treatment in vitro and in vivo, paving an avenue to combinatorial therapy. Given that as a phosphatase, PP2C has been demonstrated to dephosphorylate p53 (3) or its upstream kinases such as p38 MAPK (2), Chk1 (3), Chk2 (4), and ATM (5), this study moves a step forward in terms of previously unknown knowledge and concepts of p53 posttranslational modification by PP2C. Findings in this study provide new insights into the mechanism of p53 inhibition in response to aberrant PP2C activity and may shed some light on understanding the pathogenesis and drug resistance mechanisms of breast cancer.
BRCA1 is a cancer suppressor implicated in basic cellular functions required for cell replication, DNA synthesis, transcription, DNA damage signal networking, and DNA repair and is essential for maintaining genome integrity. Decreased BRCA1 expression or epigenetic inactivation results in compromised mammary gland differentiation and augmented risk of breast tumor development. Similar to p53, BRCA1 plays an important role in DDR, which is likely to contribute to cancer suppression (31) . Some intricate cross-talk between BRCA1 and p53 biochemical pathways exists, including regulation of BRCA1 transcription by p53, BRCA1 induction of p53 accumulation after -irradiation by regulating its phosphorylation and Mdm2 expression, and changed selectivity of p53-dependent gene activation by BRCA1 (32, 33) . In the present study, we revealed a new mechanism by which BRCA1 regulates p53. Mechanistically, we demonstrated that BRCA1 facilitates p300-mediated p53 acetylation and activation by complexing with these two proteins and that S1423/1524 phosphorylation is indispensable for this regulatory process. Multiple lines of evidence support this notion. First, BRCA1 knockdown by siRNA or KO by the CRISPR-Cas9 system markedly reduced both basal and UV-induced p300-p53 interaction and p53 acetylation, indicating a critical role of BRCA1 in the regulation of p53 acetylation. Second, BRCA1 physically interacts with both p300 and p53, and association of BRCA1 with p53 or p300 is required for its promoting effect on p53 acetylation. Last, studies with the phosphorylation-deficient mutant BRCA1 (S1423/1524A) and phosphomimicking mutant (S1423/1524D) substantiate that the ability of BRCA1 to facilitate p300-mediated p53 acetylation and transcriptional activity attributed to its phosphorylation levels. We speculate that phosphorylation induces a conformational change in BRCA1, facilitating interactions of p300 with p53 (Fig. 6E) . To our knowledge, this is the first direct evidence that functionally depicts an involvement of BRCA1 in p300-p53 interaction and p53 acetylation.
In addition to p53 and BRCA1, a crucial protein kinase, ATM, also plays an important role in DDR pathways. ATM kinase transduces signals that regulate cell cycle checkpoints, apoptosis, and DNA repair (34) . The ATM-initiated DDR pathway is activated quickly after DNA damage and acts as a barrier that helps to postpone or thwart cancer (35) . It has been shown that inhibition of PP2C up-regulates ATM and suppresses tumorigenesis in B cells (5, 9) . Conversely, overexpression of PP2C diminishes the activation of ATM-dependent signaling cascades. Consistent with this, we show that ATM partially mediates DNA damage-induced BRCA1 phosphorylation and that PP2C can directly dephosphorylate ATM instead of BRCA1 in human breast cancer cells. In addition, we directly assess the therapeutic potential of our newly developed PP2C inhibitor C23 as conjunctive treatments with UV or DNA damaging therapeutic agent Dox. In cell culture, the combinatorial treatment results in increased DDR signaling compared to UV treatment alone; excitingly, in xenograft tumor models, the combination therapy more efficiently reduces the tumor size and weight than Dox alone. In conclusion, we demonstrate a novel mechanism of p53 inactivation by PP2C, namely, aberrant PP2C activity inhibits p300-mediated p53 acetylation and activation via the ATM/ BRCA1 pathway, leading to impairment of DDR (Fig. 6K) . Our findings also substantiate PP2C inhibition as an attractive strategy to confer Dox sensitization in breast cancers. This concept will be further explored in preclinical and clinical aspects.
MATERIALS AND METHODS

Experimental design
Research objectives
The objectives of this research were to elucidate the underlying mechanisms that link aberrant PP2C levels with breast cancer development. A prespecified hypothesis was that PP2C impairs p53 acetylation and DDR by compromising BRCA1 function. Once we confirmed the cross-talk between PP2C and BRCA1/p300-p53 pathway, we investigated the clinical IHC data to explore the relationships between PP2C levels and BRCA1 phosphorylation or p53 acetylation in human breast cancer specimens, as well as the correlation with patients' histological grade. Furthermore, we sought to evaluate whether inhibition of PP2C with C23, our newly developed PP2C inhibitor, would potentiate the antineoplastic effects of Dox in MCF-7 xenograft-bearing nude mice.
Ethics statement
All animal studies were performed in accordance with the guidelines approved by the Institutional Animal Care and Use Committee of Charles R. Drew University of Medicine and Science.
Study design
To explore the molecular mechanisms underlying PP2C inhibition of p53 acetylation, genetic ablation, or chemical inhibition, single base mutation, deletion mutation, and gene overexpression techniques were used. To evaluate whether inhibition of PP2C would potentiate the antineoplastic effects of Dox, MCF-7 xenograft-bearing nude mice were used in these studies. We designed the studies to test the different agents with 10 mice per treatment group (one xenograft per mouse). Mice were randomized on the basis of tumor volume. With 10 mice per group, an effect size of 1.3 with 80% power could be detected, which was reasonable for a controlled animal experiment. The drugs used were coded so that researchers did not know which drug or combination treatments were used until experiments and analysis are completed.
Cell lines, cell culture, and DNA damaging agents Human cell lines, including MCF-10A, MCF-7, H1299, and hTERT-HME1, were obtained from the American Type Culture Collection (Rockville, MD). The hTERT-HME1 cell line was cultured in MEBM supplemented with MEGM Mammary Epithelial Cell Growth Medium SingleQuots Supplements and Growth Factors. Cultures were maintained in a humidified incubator at 37°C with 5% CO 2 . These cells were authenticated by Laragen Inc. (Culver City, CA) by short tandem repeat profiling and monitoring cell morphology and biological behavior and tested to exclude mycoplasma contamination before experiments. For UV-induced damage, Stratalinker 1800 (Stratagene, La Jolla, CA) was used at 20 J/m 2 . Another agent used to induce DNA damage was Dox (Sigma-Aldrich) at 0.1 M for MCF-10A and 0.5 or 1.0 M for MCF-7. Standard cell culture and reverse transcription PCR were carried out as described previously (18, 36, 37) .
Immunoprecipitations and Western blot analyses
Immunoprecipitations, Western blot analysis, and immunoprecipitation Westerns were carried out by standard methods described before (18, 25) . Densitometry was performed using Scion Image software (Scion Corp., Frederick, MD). Antibodies were obtained from commercial sources listed below. Anti-PP2C, anti-ATM, anti-ATM (pS1981), anti-caspase-3, horseradish peroxidase (HRP)-anti-mouse immunoglobulin G (IgG), and HRP-anti-rabbit IgG were obtained from Santa Cruz Biotechnology; anti-p53, anti-p53 (acetyl K382), anti-p53 (acetyl K373), and anti-BRCA1 (pS1423) were provided by Abcam; and anti-BRCA1, anti-p300, anti-cleaved caspase-3, anti-actin, and anti-glyceraldehyde-3-phosphate dehydrogenase (GAPDH) were purchased from Cell Signaling Technology.
Apoptosis assay
Human normal mammary epithelial cells (MCF-10A) transfected with empty vector (EV) or plasmid expressing WT PP2C (PP2C-WT) were exposed to Dox (0.1 M) for 24 hours. MCF-7 cells were transfected with control siRNA or PP2C siRNA for 24 hours, followed by incubation with Dox (1.0 M) for 48 hours. Apoptosis was determined by measuring the membrane changes (phosphatidylserine based) with the APC Annexin V Apoptosis Detection Kit and PI (BioLegend Inc., San Diego, CA), as previously described (38) . Fluorescence was detected using a BD FACSCanto flow cytometer (Becton Dickinson, Mountain View, CA) and FlowJo software version 10.4 (TreeStar, Ashland, OR). The experiments were repeated three times.
sgRNAs, plasmids, and cloning
To effectively target the BRCA1 gene for KO, CRISPR guide sequences were selected using the website http://crispor.tefor.net based on the following criteria: The sgRNA sequence should have a high efficiency score and a high specificity score (low off-target effects). Sequences for sgRNA oligos can be found in table S1.
sgRNA oligos were cloned into vectors according to the provided protocols from Bauer et al.'s paper (39) . The pSpCas9(BB)-2A-GFP plasmid, which contained both Cas9 endonuclease and enhanced GFP (EGFP) expression cassettes, was purchased from Addgene.
Transfection and CRISPR genome editing
Cells were transfected with double Cas9/GFP-gRNA plasmids using Lipofectamine 2000, as recommended by the manufacturer. Twentyfour hours after transfection, GFP-positive cells were FACS-sorted on a GFP + /PI − cell sorter. Single-cell clones were grown and screened by PCR and immunoblotting for BRCA1 KO.
Sequencing
Regions surrounding sgRNA target/off-target sites were amplified by PCR using forward primer and reverse primer. PCRs were cleaned using the QIAquick PCR Purification Kit (Qiagen Inc.). Amplicons were then analyzed by Sanger sequencing (Quintara Biosciences Inc.). The following primers were used: caatgcattatatctgctgtgga (forward) and tgaaaaatgtgcaccttacga (reverse).
In vitro p53 acetylation assay Recombinant p300 protein (1 g) purified from baculovirus was preincubated with the indicated amounts of purified bacterially expressed BRCA1 protein or bovine serum albumin (BSA) for 10 min at room temperature. After preincubation, 1 g of GST-p53 was added and p53 acetylation was measured as described previously (16) .
Cell transfection with plasmids or siRNAs
The human WT PP2C expression plasmid (hWIP1 FLAG) was a gift from L. Donehower (Addgene plasmid no. 28105). The plasmid pBABEpuro HA Brca1 encoding HA-tagged WT BRCA1 and plasmid pBABEpuro Brca1 S1423A S1524A HA encoding HA-tagged BRCA1 S1423A/S1524A mutant were gifts from S. Elledge (Addgene plasmid nos. 14999 and 41968). pBABEpuro HA Brca1-S1423D,S1524D encoding HA-tagged BRCA1 S1423D/S1524D mutant, pBABEpuro HA Brca1-∆224-500 encoding BRCA1 ∆224-500 mutants deleted for amino acids 224 to 500, which could not bind to p53, and pBABEpuro HA Brca1-∆1560-1863 encoding BRCA1 ∆1560-1863 mutants, which could not bind to p300, were constructed by Harmonious One Biotech Co. Ltd. (Shanghai, China). Cell transfection with plasmid DNA was carried out using Lipofectamine and PLUS Reagent (Invitrogen). For siRNA transfection, BioT transfection reagent (Bioland Scientific LLC) was used. ATM siRNAs from Santa Cruz Biotechnology, PP2C siRNAs from Sigma-Aldrich Co., and negative control siRNA from Ambion (Austin, TX) were purchased. p53 reporter luciferase assays A p53-responsive reporter plasmid containing 13 copies of the p53-binding consensus sequence, pG13-LUC, was a gift from B. Vogelstein (Addgene plasmid no. 16442). Cells were transfected with pG13-LUC plasmid, and luciferase assays were carried out as previously described (40) .
In vitro phosphatase assays
The in vitro phosphatase assays had been previously described (25) . All the phosphopeptides for the in vitro phosphatase assays were custom-synthesized by InnoPep Inc. The sequences are p-UNG2 (T31), H-AVQG-pThr-GVAGV-NH2; p-BRCA1 (S1423), H-LEQHG-pSer-QPSNS-NH2; p-p38 (T180/Y182), H-TDDEM-pThr-GpYVAT-NH2; and p-ATM (S1981), H-AFEEG-pSer-QSTTI-NH2.
Xenograft model of human breast cancer
Female athymic nude mice (Foxn1 nu ) (The Jackson Laboratory, Bar Harbor, ME) at 5 to 7 weeks of age were used for the xenograft studies. E2 pellets (Innovative Research of America, Sarasota, FL) were implanted 7 days before cancer cell injection to augment the endogenous E2 production. The cultured MCF-7 cells in the logarithmic phase were collected and diluted to 3 × 10 7 cells/ml. Then, the cancer cell suspension (in Matrigel) was inoculated into the second mammary fat pad on the right side of mice (100 l per injection). Approximately 14 days after inoculation, the animals were randomly assigned to treatment groups including vehicle only controls, poly(lactic-co-glycolic acid) nanoparticles of C23 (3 mg/kg, intraperitoneally) (18) , Dox (1.70 mg/kg, intraperitoneally, five times per week every 2 weeks), or C23 + Dox (n = 10). Electronic calipers were used to determine the length and width of each tumor at intervals after initiation of Dox administration. The following equation was used to calculate tumor volumes: volume = 0.5(length × width 2 ). At the end of the experiment, the animals were sacrificed and the tumors were harvested. The fresh tumor tissues were instantaneously placed in 4% paraformaldehyde for further IHC analysis.
Human tissue microarray and IHC staining
Tissue microarray (TMA) slides containing primary breast cancers (ER + ) and adjacent normal tissue specimens from 103 breast cancer cases were purchased from U.S. Biomax (Rockville, MD) (BR243u) and Alena Biotechnology Ltd. Co. (Xian, China) (BR1921c). Representative areas of each invasive carcinoma were identified on the corresponding hematoxylin and eosin (H&E)-stained slides. The TMA sections were immunohistochemically stained for PP2C, p-BRCA1, and acetyl-p53 with a standard immunostaining protocol as previously described (41) . The assessment of staining scores was described previously (42) . In brief, the percentages of staining-positive cells were scored into four categories: 0 to 1 (0 to 25%), 1 to 2 (26 to 50%), 2 to 3 (51 to 75%), and 3 to 4 (76 to 100%). The staining intensities were scored into four grades: 0 (none), 1 (weak), 2 (moderate), 3 (strong), and 4 (very strong). The final staining score was defined as the product of the percentage and intensity scores. Correlations between tissue PP2C level and p-BRCA1 or acetyl-p53 staining score were tested by Pearson's rank correlation analysis, with R and P values indicated.
Statistical analysis
Statistical analysis in the present study was performed using SPSS version 18.0 software (SPSS Inc.). Results were expressed as mean value ± SD. The significance of mean values between two groups was determined by Student's t test. All differences were two-sided. The significance of the results from patient specimens was analyzed by the  2 test or the Pearson's correlation coefficient test. The effects of treatments on tumor size were evaluated using two-way analysis of variance (ANOVA) and Fisher's post hoc test. A P value of <0.05 was considered statistically significant.
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